Although the pathophysiology and treatment of adult heart failure (HF) are well studied, HF in children remains poorly understood. In adults, adrenergic receptor (AR)-mediated adaptation plays a central role in cardiac abnormalities in HF, and these patients respond well to b-blocker (BB) therapy. However, in children with HF, there is a growing body of literature suggesting a lack of efficacy of adult HF therapies. Due to these unanticipated differences in response to therapy and the paucity of data regarding the molecular adaptation of the paediatric heart, we investigated the molecular characteristics of HF in children.
Introduction
Heart failure (HF) is a common disorder in adults, affecting an estimated 5 million Americans and 14 million Europeans with an annual incidence of 15 per 1000 adults over the age of 55. 1, 2 Heart failure is much less common in children, with an annual incidence of 1.1 per 100 000 children under the age of 18 years. 1 Although the majority of HF in adults is due to ischaemic heart disease, the aetiology of HF in children is very heterogeneous and includes congenital heart disease as well as various forms of cardiomyopathy. However, dilated cardiomyopathy (DCM) is a common indication for heart transplant in both children and adults and is the most common diagnosis leading to heart transplant in children over the age of 1. 3 Regardless of the aetiology, paediatric HF is a challenging clinical problem with a devastating prognosis of ,50% transplant-free survival at 5 years. 1 Because paediatric HF is an uncommon problem, performing controlled clinical trials is very difficult. Therefore, historically the medical treatment for HF in children has been extrapolated from adult trials and lacks robust experimental evidence. Unfortunately, † These authors contributed equally to the work. despite advances in medical treatment, there has not been an improvement in survival over time for children with HF. The lack of efficacy was initially demonstrated by Towbin et al. 4 in a retrospective analysis of outcomes for children with HF between the early 1990s and 2000s. These findings were reproduced more recently in a retrospective review by Kantor et al. 5 that showed no survival benefit with the advancement of medical therapy from the digoxin plus diuretic era in the late 1970s to the b-blocker (BB) era in the early 2000s. These data are completely contrary to the adult experience demonstrating the remarkable clinical efficacy of BB therapy and improvement in morbidity and mortality between the 1970s and 2000s. 6 This differential response to treatment is further highlighted by the results of the carvedilol trial for paediatric HF published in 2007. 7 Despite the marked improvement in mortality and morbidity associated with BB therapy in multiple adult trials, there was no improvement in clinical outcomes between children with symptomatic HF treated with placebo vs. the non-selective BB, carvedilol. It is important to note that the results of the paediatric carvedilol trial have been challenged due to concerns about the relatively small sample size, the heterogeneous nature of the children enrolled, and the high rate of spontaneous improvement. However, taken together, these studies suggest that the response to existing medical therapy is different between adults and children with HF. The use of BBs for the treatment of HF in adults is supported by studies done by Bristow et al. 8 demonstrating the down-regulation and desensitization of b-adrenergic receptors (b-ARs) in response to chronic catecholamine stimulation in failing (F) human heart tissue and experimental HF models. 9 The adaptation of the b-adrenergic system in response to HF in children has not been previously investigated and is therefore incompletely understood. The purpose of this study is to define the response of the cardiac b-adrenergic system and to determine broader myocellular responses to HF in children with idiopathic dilated cardiomyopathy (IDC). The central hypothesis is that important age-related differences in the adaptation of b-AR and downstream signalling pathways may influence the treatment response in children with HF.
In the classical description of the b-AR pathway, b-AR activation induces the formation of cyclic adenosine monophosphate (cAMP) and the subsequent activation of protein kinase A (PKA) 15 and activation of various transcription factors. 16 Although
CaMKII and PKA phosphorylate PLB, it is dephosphorylated in adult HF, presumably through elevated phosphatase activity, 17, 18 resulting in decreased SERCA activity and SR Ca 2+ uptake.
At the cellular level, myocardial failure is characterized by changes in the gene expression of many components of the heart, described as a recapitulation of a 'fetal' gene programme (FGP), because many embryonically expressed genes that are down-regulated post-natally are reactivated, while several 'adult' genes are repressed. 19 Of the changes that are observed in failing adult hearts, increases in b-myosin heavy chain (MyHC), skeletal a-actin, B-type natriuretic peptide (BNP), and atrial natriuretic peptide (ANP), with coordinate decreases in aMyHC and SERCA2, are perhaps the most widely recognized.
The goal of this study was to analyse cardiac myocellular changes that occur in children with HF. Our results suggest that there are differences in the molecular regulation of HF in children when compared with adults.
Methods
A detailed description of the methods can be found in Supplementary material online.
Tissue procurement
Human subjects were males and females of all ages, races, and ethnic background who donated their heart to the institutional review board-approved adult and paediatric transplant tissue banks at the University of Colorado. Non-failing (NF) control hearts were obtained from donors whose heart could not be placed for technical reasons. A detailed description of all paediatric patients and a summary of all adult patients can be found in Supplementary material online, Tables S1 and S2. 
Real-time polymerase chain reaction
Real-time polymerase chain reaction was performed as described previously 21 : 9 NF paediatric, 31 IDC paediatric, 26 NF adult, and 22 IDC adult (b-AR and FGP) and 8 NF paediatric, 9 IDC paediatric, 10 NF adult, and 10 IDC adult (Phosphatases).
Western blots
Western blots were performed as described previously 22 
Cyclic adenosine monophosphate assay
Enzyme-linked immunosorbent assay was performed by the core facility at Children's Hospital Colorado, Aurora, CO, USA. The total number of patients in each category is as follows: 10 NF paediatric, 19 IDC paediatric, 6 NF adult, and 16 IDC adult.
Statistical analysis
Statistical analyses were performed using Statview software (SAS Institute, Cary, NC, USA). Statistical significance was set a priori at P , 0.05 and all data are presented as mean + SD in the text and tables unless otherwise indicated and mean + SEM in the figures. For analyses using log-transformed data, the means and error measures (SD or SEM) are given for the raw values for visual clarity.
Results b 2 -Adrenergic receptor is down-regulated in paediatric idiopathic dilated cardiomyopathy
In preparations from the left ventricle, b-AR mRNA levels were determined. As shown in Figure 1A , Figure 1B) . However, the total b-AR receptor density was 1.5-fold higher in NF paediatric subjects when compared with adults. As shown in Figure 1B , b 1 -AR density is decreased in children (NF 107.1 + 27.9/F 51.3 + 18.7) and adults (NF 64.9 + 19.5/F 32.5 + 11.3) with HF. However, b 2 -AR density is decreased only in paediatric HF patients (NF 20.3 + 7.8/F 14.2 + 4.9; adult: NF 16.0 + 4.3/F 13.7 + 3.9) and represents a novel characteristic of paediatric HF. Not only is the absolute amount of each receptor subtype important, but the stoichiometry between the two subtypes (represented as the b 1 :b 2 ratio) also contributes to the phenotype due to redundancies of the intracellular pathways.
The b 1 :b 2 ratio significantly changes with HF in both adult patients (NF 80 + 5:20 + 5%/F 69 + 7:31 + 7%, P , 0.005) and paediatric patients (NF 84 + 4:16 + 4%/F 78 + 5:22 + 5%, P , 0.01). Under NF conditions, the b 1 :b 2 ratio is similar between children and adults. However, the magnitude of the change in response to HF is almost 2-fold greater in adults compared with children, creating a significant difference in the b 1 :b 2 ratio between the failing adult and failing paediatric hearts (P , 0.005).
Decrease in cyclic adenosine monophosphate levels is blunted in paediatric heart failure In the classical description of the b 1 -AR signalling pathway, b 1 -AR stimulation activates PKA via an increase in the adenylyl cyclase generation of cAMP. Cyclic adenosine monophosphate levels are decreased in HF most likely due to the desensitization of the b-AR system. 23 We investigated whether cAMP levels are also decreased in paediatric IDC. As shown in Figure 2 , although cAMP levels are decreased in paediatric IDC (NF 95.8 + 27.3/F 67.2 + 27.7), they were significantly higher than the levels noted in adult IDC (NF 100.0 + 30.1/F 46.8 + 20.6).
Ca 21 -calmodulin kinase phosphorylation levels are increased in paediatric and adult heart failure We tested phosphorylation levels of CaMKIId in the nuclear and cytoplasmic fractions of adult and paediatric IDC patients and Beta-adrenergic in paediatric IDC NF subjects. As shown in Figure 3 , the phosphorylation of CaMKIId is increased in the nuclear and cytoplasmic fractions of adult (cyto: NF 0. Phospholamban phosphorylation is unchanged in paediatric heart failure Phospholamban is phosphorylated by PKA on Ser16 and CaMKII on Thr17. We measured total PLB levels and Ser16 and Thr17 phosphorylation of PLB in paediatric and adult IDC samples. As shown in Figure 4 , total PLB levels were unchanged in adult (NF 132. Expression of PP1b and PP2A is increased in adult but not in paediatric heart failure
The decreased phosphorylation of PLB in the setting of increased CaMK phosphorylation is likely due to an increase in phosphatase activity. 17 Since PLB phosphorylation was only decreased in adults but not children with HF, we examined the levels of PP2A and PP1b phosphatases involved in PLB phosphorylation. As shown in The down-regulation of aMyHC is thought to have important consequences for contractility, and small decreases in aMyHC protein can have a major effect on power output. 24 Previous studies have estimated that 2 -7% of the total MyHC in adult NF hearts was composed of aMyHC, and its levels were very low to undetected in failing hearts. 25 Our results show a 2-fold reduction in aMyHC protein levels in the failing paediatric (NF 1.1 + 
Discussion
Molecular changes in response to HF in adults are well characterized. Changes in b-AR levels were first described over 20 years ago, and although there are still many unknowns, the now standard use of BB treatment in adults is at least in part supported by investigations into how the b-AR system is regulated in HF. However, the results of the only randomized multicentre BB clinical trial in symptomatic paediatric HF failed to demonstrate any benefit from non-specific BB treatment in this population. Although this trial was challenged by the heterogeneity of the patients enrolled and the high rate of spontaneous improvement in enrolled subjects, these results were unexpected and led us to determine the influence of HF on the regulation of the b-AR system in the paediatric population. In an effort to minimize the confounding difficulties related to the heterogeneity of paediatric HF on these investigations, we chose to investigate children and adults with end-stage IDC only. In this population, we demonstrate that the influence of HF on b-ARs and their intracellular signalling molecules is unique between children and adults. Specifically, we showed that b 2 -AR expression, phosphorylation of PLB, and expression of phosphatases and components of the pathological gene programme are uniquely regulated in paediatric HF patients. These results suggest a distinct molecular profile in children with HF. Figure 4 Phosphorylation of phospholamban levels are down-regulated in adult but not in paediatric HF patients. Total phospholamban (A), Ser16 (B), and Thr17 (C) phosphorylation levels were measured by western blot and normalized to calnexin. The measurement of total phospholamban was done on Ser16 and Thr17 blots. PLB, phospholamban; F, failing; NF, non-failing.
Given that the current treatments for HF in adults are supported by several randomized clinical trials associated with reported changes in molecular responses to BB therapy, 26 the observed differences in the molecular profile of children with HF suggests that paediatric-specific therapies may be needed to treat this population.
While our data recapitulate two established characteristics of cardiac b-AR expression: (i) an age-related decline in total b-AR expression 26 and (ii) down-regulation of b 1 -AR expression with no changes in b 2 -AR in response to HF in adults, 27 our results demonstrate that the down-regulation of both receptors is a unique characteristic of the paediatric HF population. These age-related differences in b-AR adaptation occur in the setting of similar plasma norepinephrine levels between adults and children, 28 suggesting age-specific contributions of myocellular mechanisms. Although speculative in nature, it is possible that b 1 -AR stimulation in HF is pathological in both populations, but that some preservation of b 2 -AR function is beneficial. 29, 30 Inhibition of the already down-regulated b 2 -ARs may override the benefits of b 1 -AR inhibition in children, limiting the efficacy of non-specific blockade (eg. carvedilol) in paediatric HF. Interestingly, although the b 1 -AR is desensitized and down-regulated, mRNA levels are increased in paediatric HF. These results suggest different post-transcriptional regulation in paediatric and adult HF. It is well known that several RNA-binding proteins or miRNAs can bind and regulate the 3 ′ UTR of the human b 1 -or b 2 -AR resulting in decreased protein levels. 31, 32 It is also possible that autoantibodies target both b 1 -and b 2 -ARs in the paediatric HF population. In HF, desensitization and down-regulation of b 1 -AR results in decreased levels of the second messenger cAMP. 23 Although we observed a decrease in cAMP levels in paediatric HF patients, this decrease was less dramatic than in adult patients. The blunted down-regulation of cAMP levels in the paediatric population can be due to decreased b 2 -AR levels and subsequent Gi-mediated inhibition of b 1 -AR signalling. 33 Alternatively, it is possible that phosphodiesterase or adenylyl cyclase activities are different in paediatric and adult HF. One of the effects of decreased cAMP levels is the dephosphorylation of PLB. This results in the repression of SERCA2 activity and a decrease in SR Ca 2+ uptake. In the paediatric population, consistent with the attenuated decrease in cAMP, PLB phosphorylation is unchanged, which could result in improved SR Ca 2+ handling in paediatric HF patients. At present, mechanisms for preserved PLB phosphorylation in a setting of decreased (although blunted) levels of cAMP are unknown. The other pathway regulated in response to the chronic stimulation of the b-AR receptor is the CaMKII pathway. As described in adults with HF, in paediatric HF, CaMKII phosphorylation is increased in the nuclear and cytoplasmic fractions. Ca 2+ -calmodulin kinase II influences pathological changes in gene expression, increases apoptosis and myocyte hypertrophy, and increases the phosphorylation of PLB. 34 An increase in CaMKII activity is detrimental to the heart, and transgenic animals expressing a CaMKII peptide inhibitor or CaMKIId knockout animals are protected against cardiomyopathy. 35, 36 Although CaMKII activity is increased in adult HF, PLB phosphorylation is decreased, most likely due to an increase in phosphatase activity. 37 As we did not observe a decrease in the phosphorylation of PLB in paediatric HF, we tested the expression levels of PP1b and PP2A. Previous studies have shown that PP1 (primarily PP1b) and PP2A are the main phosphatases responsible for the dephosphorylation of PLB. 17, 18 Our results show an increase in PP2A and PP1b expression in adult but not paediatric HF patients. These results suggest that a differential increase in phosphatase levels may be responsible for the lack of PLB dephosphorylation in paediatric HF. It is possible that the deregulation of SERCA2 activity and SR Ca 2+ uptake is not a characteristic of paediatric HF. Regulation of the FGP is a hallmark of cardiac pathology, and the directionality of expression is very similar in adult and paediatric patients overall. However, we observed an antithetical regulation of BNP and Cx43 in paediatric patients. Connexin43 expression decreases in the adult heart in response to HF and myocardial infarction. 38 Being the primary ventricular gap junction protein, this decrease produces heterogeneities in cell-to-cell communication, pre-disposing the heart to ventricular arrhythmias. 38 Even in the setting of severely impaired ventricular function, paediatric patients with HF rarely develop ventricular arrhythmias. 39 The difference in Cx43 regulation could contribute to the decreased arrhythmias observed in this population. Circulating BNP is increased in adult and paediatric HF, 40, 41 and localized differences in BNP regulation have not been described previously. Initiation of medical therapy in paediatric IDC patients generally results in a transition to a compensated state and circulating BNP decreases accordingly. This trend in BNP was observed in the paediatric carvedilol trial with a significant decrease in BNP from screening to 6 months of maintenance treatment even in the placebo group. 7 A post hoc analysis of the paediatric carvedilol trial demonstrated that BNP was not different among HF classes and the median BNP was quite low at enrolment compared with adults with HF. 42 The lower circulating BNP levels in children may correlate with the decreased BNP mRNA levels observed. Figure 7 aMyHC protein levels are increased in paediatric HF patients. aMyHC protein levels were measured by western blot using a specific antibody and normalized to calnexin. F, failing; NF, non-failing.
Beta-adrenergic in paediatric IDC
There are several limitations of the current study. First, due to the characteristics of tissue bank-based studies, these investigations are cross-sectional. Therefore, the results can only ascertain associations not mechanisms. However, this is a necessary first step due to the paucity of knowledge in the area of the adaptation of the b-adrenergic system in paediatric HF. It is important to recognize that longitudinal and interventional studies are difficult given the invasive nature of the experiments that would be necessary (serial endomyocardial biopsies) in this vulnerable population. In addition, because it is impossible to obtain heart tissue from 'normal' children, the NF control hearts used in this study are from brain dead donors that could be influenced by underlying physiological and metabolic alterations related to their cause of death. Second, age-related development may influence our results. We minimized the influence of this potential confounder by only using heart tissue from pre-pubertal children (≤12 years of age). Third, although a comprehensive evaluation of children and adults is done at our institution to identify the cause of DCM, none of the patients included in this study had an identifiable genetic abnormality. Therefore, they could have undiagnosed sarcomeric or other genetic mutations as a cause of their cardiomyopathy and are not truly 'idiopathic' in nature. Finally, although only patients diagnosed with IDC in both age groups were studied, there are clearly differences in HF aetiologies between children and adults. One could argue that the adult population should not be used as a comparator due to these aetiological differences. This argument strengthens the importance of our molecular findings given that currently both populations are treated in an identical fashion based solely on existing adult data.
In conclusion, the results of this study demonstrate the influence of HF on some aspects of the b-adrenergic system in children. We have demonstrated significant differences in the molecular remodelling that occurs due to HF when compared with adult hearts. Our findings support the concept that adult treatment paradigms may not be perfectly extrapolated to children with HF and highlight the need for further investigation into age-specific HF therapies in children.
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Supplementary material is available at European Heart Journal online. 
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